Aspirin, also known as acetylsalicylic acid (ASA), is not only a wonderful drug, but also a good glass former. Therefore, it serves as an important molecular system to study the near-arrest and arrested phenomena. In this paper, a high-resolution quasi-elastic neutron scattering (QENS) technique is used to investigate the slow dynamics of supercooled liquid and glassy aspirin from 410 down to 350 K. The measured QENS spectra can be analyzed with a stretched exponential model. We find that (i) the stretched exponent β(Q) is independent of the wavevector transfer Q in the measured Q range and (ii) the structural relaxation time τ (Q) follows a power-law dependence on Q. Consequently, the Q-independent structural relaxation time τ 0 can be extracted for each temperature to characterize the slow dynamics of aspirin. The temperature dependence of τ 0 can be fitted with the mode-coupling power law, the Vogel-Fulcher-Tammann equation and a universal equation for fragile glass forming liquids recently proposed by Tokuyama in the measured temperature range. The calculated dynamic response function χ T (Q, t) using the experimentally determined self-intermediate scattering function of the hydrogen atoms of aspirin shows direct evidence of the enhanced dynamic fluctuations as the aspirin is increasingly supercooled, in agreement with the fixed-time mean squared displacement x 2 and the non-Gaussian parameter α 2 extracted from the elastic scattering.
Introduction
When a liquid is cooled fast enough, the crystallization process can be avoided. Characteristic times of the primary relaxation process increase rapidly as the liquid is progressively supercooled until it gets arrested at the calorimetric glass transition temperature T g , where the timescales for the relaxation become of the order of experimental timescales around 100 s [1, 2] . The dynamics of simple glass formers 5 Author to whom any correspondence should be addressed.
is characterized by a number of universal features. The temperature dependence of the relaxation rates of many glass formers is found to be non-Arrhenius and is usually described in terms of the well-known Vogel-Fulcher-Tammann (VFT) equation [3] . These glass formers are classified as 'fragile' while the others that show Arrhenius-type temperature dependence of the relaxation times are termed as 'strong' [4] . The corresponding spectral response is found to be non-Debye with alcohols as an exception [5] . At high temperatures, the spectral response tends to approach a Debye-type shape. In addition, often the dynamics of simple glass formers is found to exhibit a so-called dynamic crossover phenomenon at a characteristic temperature in the temperature range T /T g = 1.2-1.3 [3, 6] .
This crossover phenomenon is usually revealed as a change in the VFT temperature dependence of the relaxation times and is observed mainly by dielectric spectroscopy [3] . This crossover is, generally, very subtle and, in order to observe the crossover, differentiation of relaxation times and the corresponding VFT region needs to be carefully examined. Nevertheless, this crossover in the T dependence of the relaxation time may be significant to elucidate the mystery of the glass transition as the VFT equation for the T dependence can be related to the Adam-Gibbs theory of cooperativity, which explains the phenomena of glass transition in terms of the growth of cooperative rearranging regions [7] . Interestingly, this crossover temperature is found to be close to the critical temperature T c proposed by the modecoupling theory [8] [9] [10] . Unfortunately, this feature has not been investigated in details in many glass formers and the origin of the crossover phenomenon remains unclear. It is also worth mentioning here that the above-mentioned universal features are present even in the long chain counterparts of the organic glass formers, i.e. polymeric system with some modifications arising because of the chain connectivity.
For comparison, let us now turn our attention to the recent understanding of the dynamics of the low-temperature water. In recent years, confined water has been extensively studied by neutron scattering, NMR, dielectric spectrometry and computer simulations, because the formation of crystalline ice is greatly suppressed in the restricted geometry [11] [12] [13] [14] [15] [16] [17] [18] . The most interesting aspect of water dynamics that has been revealed is the apparent fragile-to-strong crossover around T L = 225 K [13, 19] . This dynamic crossover is observed as a change in the temperature dependence of relaxation time from fragile-like behavior above T L to strong-like Arrhenius behavior below T L . Interestingly, this phenomenon is not limited to water in porous silica [13] and it has also been observed in 2D surface water in metal oxides [20] and biomacromolecules [21, 22] , and in the 3D interconnected pores of an aged cement paste [23, 24] . These results show that the dynamics of nanoscopic water exhibits a systematic fragile-tostrong crossover, the actual temperature of which is influenced by the host matrix. These results naturally hint at a question to be asked: is this behavior unique to water dynamics? Or could it be another universal feature that could be observed in other glass forming systems? Interestingly, if the glass transition temperature of water is taken as 165 K [23, 24] , this dynamic crossover temperature is very close to the range of 1.3-1.4 T g . In addition, recently, it has been shown [25] that the literature data of some prototype glass formers show signs of deviations from VFT at high temperature, which may actually be coupled with the fragile-to-strong type of crossover in the dynamics. It was in the light of the above-mentioned that we decided to investigate this phenomenon further and have chosen acetylsalicylic acid (ASA) to look for any possible signs of fragile-to-strong crossover in glass formers, as from the available literature data ASA looks like a prototype glass former.
ASA, also known as aspirin, is a crystalline material but it can also be supercooled easily to maintain an amorphous form. Aspirin has a methyl group which has been studied in detail using neutron diffraction [26, 27] and nuclear magnetic resonance [28, 29] . These studies suggest that the methyl group rotational rates are of the sub-nanosecond timescale, down to below 50 K. Johari et al have done extensive DSC measurements [30, 31] and showed that the glassy state of this material is indeed very stable and only a prolonged stay around 340 K induces a tendency of crystallization. Previously, using an optical technique, Fayer et al have shown that aspirin exhibits a logarithmic beta-relaxation behavior in the ps to ns range due to the strong coupling of rotational motion of the aspirin molecule to its density fluctuation [32] . A temperature scan at 30 K min −1 shows a typical glass transition at T g = 243 K. Dielectric relaxation of aspirin has also been studied over a wide frequency range by many researchers [30, 33] . Aspirin shows a typical alpha relaxation for glass formers above the glass transition temperature and a Johari-Goldstein secondary process below T g . Typical values of the stretching parameter have been observed for aspirin by dielectric spectroscopy.
Sample preparation and experimental procedures
The aspirin sample was purchased from Sigma Aldrich and kept in a vacuum oven at 360 K for a few days to remove any signs of moisture or solvent. For testing purposes, a small amount of aspirin was taken and loaded in an aluminum container and kept in a vacuum oven at 400 K for a week. No sign of reaction between the aspirin and Al was observed. The sample was then loaded in an aluminum annular container by heating it above its melting point. The sample thickness was chosen to be about 0.1 mm to provide a total scattering of about 10% to avoid excessive multiple scattering. As Johari et al pointed out, once the sample is in the melt state, it remains amorphous at room temperature for several days. However, just before the measurements, the sample was again heated to 408 K to bring it to the melt state to make sure there was no crystalline aspirin. During the heating and cooling to the desired temperatures, the elastic scattering intensity was recorded just to make sure that the sample remains amorphous.
The high flux backscattering (HFBS) instrument [34] was operated in both the fixed-window and dynamic-window modes. In the fixed-window mode, the Doppler drive was stopped and only elastic scattering was recorded. The neutron wavelength was fixed at 6.27Å and the neutrons that were collected had an energy of 2.08 meV corresponding to the above wavelength. A heating rate of 1 K s −1 was used for the temperature scan experiments (fixed-window mode) and the intensity was obtained for all 16 detector banks. In the dynamic-window mode, the Si(111) crystal monochromator was operated at 24 Hz, providing a dynamic range of 17 eV, a Q range of 0.25-1.75Å −1 and an energy resolution of 0.85 μeV at the elastic peak. An elastic scan was recorded between 10 and 408 K while quasi-elastic measurements were made at a number of temperatures between 350 and 408 K. Two HFBS experiments were performed covering different temperature range. The sample was measured two times at 380 K to check the repeatability of the experiments.
Data analysis and discussions
The elastic incoherent scattering intensity can be written as the cumulant expansion of Q 2 [35] :
where x 2 = r 2 /6 is the mean squared displacement and α 2 = 3 x 4 5 x 2 2 − 1 is the dimensionless non-Gaussian parameter, which leads to the major correction to the Gaussian approximation of the self-intermediate scattering function. The rise of the non-Gaussian term may come from many factors for diverse systems. In the case of supercooled liquids, it can be used as a measure of the dynamic heterogeneity. It has been pointed out that the microscopic cooperative process plays an important role on approaching the glass transition [36, 37] . In this picture, the dynamics of a glass former becomes increasingly spatially correlated upon cooling. Therefore, the system can be readily divided into correlated domains of units with similar dynamics. However, the dynamics of each correlated domain could differ from each other by several orders of magnitude. This spatially heterogeneous dynamics is under intensive research at present. One of the major challenges is how to determine the size of the correlated domains, which can be viewed as some sort of dynamic correlation length that would diverge at the idealized glass transition temperature.
In a QENS experiment, the measured incoherent scattering intensity is convolved with the instrumental energy resolution function. Therefore, in the elastic scattering mode, the resolution function essentially cuts off the time evolution of the mean squared displacement x 2 and the non-Gaussian parameter α 2 within the resolution time window. On HFBS, the energy resolution is about 0.85 μeV, so the effective timescale is roughly of the order of a few nanoseconds. By fitting the Q dependence of the elastic incoherent scattering intensity, the fixed-time mean squared displacement x 2 and non-Gaussian parameter α 2 of the hydrogen atoms of aspirin can be readily extracted, as shown in figure 1. I T 0 was determined at the base temperature of about 4 K. From the mean squared displacement x 2 , we can directly see the harmonic oscillations of the hydrogen atoms of aspirin at low temperatures, indicating a more solid-like behavior. From around 290 K and above, the anharmonicity starts to set in, indicating a more liquid-like behavior. The temperature dependence of the mean squared displacement x 2 can be phenomenologically fitted with a sum of a straight line, which accounts for the harmonic behavior, and an exponential function, which accounts for the switchover from harmonic oscillation to anharmonic diffusional motion. Accordingly, in the liquid-like temperature range above around 290 K, the Gaussian approximation is approximately valid, so the non-Gaussian parameter α 2 is less then unity. However, as the temperature is further lowered, the non-Gaussian parameter α 2 increases above unity, which may come from the enhanced dynamic fluctuations due to the onset of the dynamic heterogeneity [38] . Note that, below around 100 K, the statistics of the raw data is not good enough to extract α 2 reliably. It should be pointed out that the fixed-window scan is a test experiment that simply neglects the quasi-elastic or inelastic scattering processes. However, it gives us an estimate of the mobility of the particles, so that we can decide the temperature range we should study in detail using the following quasi-elastic scattering experiment. In principle, the elastic scattering intensity contains information of the nonergodicity parameter at low temperatures, however, without further approximations, to the best of our knowledge, it is not possible to extract its value from the elastic scattering alone.
Thanks to the exceptionally large incoherent cross section of the hydrogen atom, the QENS spectrum basically measures the Fourier transform of the self-density correlator or the selfintermediate scattering function
) of the hydrogen atoms in the aspirin molecules:
where N is the normalization factor and R(Q, E) is the Q-dependent energy resolution function obtained by a measurement of the aspirin sample at the base temperature ≈10 K when all the classical diffusional degrees of freedom freeze. The F S (Q, t) generally contains both translational and rotational components, but in the measured temperature range, the rotational dynamics is much faster than the translational dynamics [28, 29] . Therefore, with the 0.85 μeV energy resolution, the rotational relaxation, if it exists, only contributes to the background. Therefore, F S (Q, t) takes the simple stretched exponential form:
The QENS spectra are often fitted with an extra elastic scattering term in equation (2) that takes into account the scattering from immobile or less-mobile hydrogen atoms. Our result shows that there is no evidence of such elastic scattering component in the supercooled liquid aspirin, meaning all the aspirin molecules are mobile in the measured temperature range. Examples of the fittings at two temperatures and three Q values are illustrated in figure 2 . The stretched exponential model is quite flexible when used to fit QENS spectra, since a backscattering spectrometer is usually able to cover up to two orders of magnitude in the time domain. Within such a relatively narrow time window, a stretched exponential model with two parameters can sufficiently describe the observed relaxation process. Having said that, the extracted parameters should still be considered as model-dependent.
Using the above-described model, each QENS spectrum can be fitted nicely with essentially two fitting parameters: the stretched exponent β and the relaxation time τ for each wavevector transfer Q and each temperature T (shown in figure 3 ). One can see that the stretched exponent β is independent of Q for the measured Q range from 0.56 to 1.75Å −1 and the relaxation time τ follows a power-law
where a is set to 1Å for the dimension normalization. These two facts allow us (i) to define the Q-independent mean β 0 = β and the structural relaxation time τ 0 to serve as an unbiased estimation of the diffusional dynamics of the system for each temperature and (ii) to reduce the total number of fitting parameters by forcing the two relations in future analysis. This power-law Q dependence was previously established for supercooled water [12] and for an extended mode-coupling theory [10] . Now we demonstrate experimentally that it also serves as a good approximation for aspirin in the measured Q range. By employing this approximation of Q dependence in the stretched exponential model, the effective number of fitting parameters can be significantly reduced. Accordingly, a global fitting of multiple spectra simultaneously could be applied.
The temperature dependence of the parameters β 0 , γ and their product is reported in figure 4 . The decreasing value of β 0 from ≈0.60 at 410 K to ≈0.34 at 350 K agrees with the previous argument that the dynamics of the liquid aspirin becomes more and more heterogeneous as increasingly supercooled. When we insert the power-law Q dependence of τ (Q, T ) into the self-intermediate scattering function of equation (3), we immediately notice that the product of β 0 and γ is the actual Q dependence term. In the hydrodynamic limit, β → 1, γ → 2, so their product is 2. The smaller value of β 0 γ indicates restricted mobility for supercooled aspirin, possibly due to the cage effect.
With the detailed examination of the Q dependence of the stretched exponent β and the relaxation time τ (Q, T ) at each temperature, we are now ready to define the structural relaxation time τ 0 for each temperature (shown in figure 5 ). 2+η ) with T c = 339 K [39] . One can see that the determined singularity temperature depends greatly on the choice of equations used for the extrapolation, and it is very sensitive to the data quality of the measured temperature range. Therefore, without more accurate measurement of the transport coefficients, we are not able to determine the mode-coupling T c accurately for aspirin.
Using the fitting parameters, the self-intermediate scattering functions are readily evaluated. It is clearly shown in panel (a) of figure 6 that the self-intermediate scattering function has non-exponential shape. As the temperature is lowered, the self-intermediate scattering function becomes more and more stretched. The dynamic response function defined as
is calculated using the finite temperature difference of the self-intermediate function [23, 37, 40] . The increase of the peak height with the temperature is a direct evidence of the increasing size of the dynamic heterogeneity.
More discussions and conclusions
The fragile-to-strong dynamic crossover phenomenon was first observed in supercooled confined water. Recently, the crossover phenomenon has been shown to exist in the transport coefficients of 84 glass forming liquids and therefore the authors suggest that the dynamic crossover temperature is as important as the glass transition temperature [41] . In this context, we tried to detect such a dynamic crossover phenomenon for supercooled and glassy aspirin by measuring the structural relaxation time with the quasi-elastic neutron scattering technique. However, due to the limitation of the instrumental resolution, we are not able to measure the structural relaxation time of aspirin below 360 K, which is longer than 100 ns. Therefore we did not observe a fragileto-strong crossover in supercooled aspirin from 410 to 350 K. In the literature, the mode-coupling T c of aspirin was reported to be around 288 K [32] . When we tried to extrapolate the measured structural relaxation time by a mode-coupling theory type power law and the universal relation proposed by Tokuyama, the T c is estimated to be around 330 ± 10 K, which is much higher than the temperature previously reported. Indeed, such extrapolations are very sensitive to the measured temperature range and the adopted formula form. Better measurements at low temperatures are needed to determine its value accurately. However, it becomes challenging for neutron spectrometry.
In this paper, we demonstrated that (i) by invoking the higher-order terms in the cumulant expansion of the elastic incoherent scattering intensity, the fixed-time mean squared displacement x 2 and the non-Gaussian parameter α 2 can be extracted and (ii) the stretched exponential model with a power-law Q dependence is suitable to analyze the quasi-elastic neutron scattering intensities for a molecular glass former aspirin. The information obtained from both fixed-window and dynamic-window measurements at HFBS show that the dynamics of aspirin progressively slows down accompanied by a clear enhancement of the dynamic fluctuations, as the temperature is increasingly supercooled. Other experimental techniques are needed to facilitate elucidating a complete picture of the slow dynamics of supercooled and glassy aspirin in the entire experimentally accessible supercooled temperature range above the glass transition temperature.
